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Plexin B Mediates Axon Guidance in Drosophila by
Simultaneously Inhibiting Active Rac and Enhancing
RhoA Signaling
There is growing evidence that Rho family GTPases
regulate the actin cytoskeleton during axon outgrowth
and guidance (reviewed by Luo, 2000; Dickson, 2001).
The effectors and regulators of these small GTPases
have also been implicated. Of particular interest, the
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Rac effector PAK (p21-activated kinase) (Manser et al.,519 LSA
1994) has been shown to play an important role in axonUniversity of California, Berkeley
guidance (Hing et al., 1999; Newsome et al., 2000). ByBerkeley, California 94720
activating LIM kinase and inhibiting myosin light chain
kinase (MLCK), PAK can inhibit actin depolymerization
and block the retrograde flow of actin filaments, contrib-Summary
uting positively to the protrusive force at the leading
edge of growth cone (reviewed by Dickson, 2001).Plexins are neuronal receptors for the repulsive axon
In fibroblasts and neuronal cell lines, Rac, Cdc42, andguidance molecule Semaphorins. Previous studies
Rho regulate the formation of different actin structuresshowed that Plexin B (PlexB) binds directly to the ac-
(reviewed by Hall, 1998). Activation of Rac and Cdc42tive, GTP-bound form of the Rac GTPase. Here, we
induces protrusive lamellipodia and filopodia structures,define a seven amino acid sequence in PlexB required
respectively, whereas Rho activation causes the forma-for RacGTP binding. The interaction of PlexB with RacGTP
tion of actin: myosin filaments and process retractionis necessary for Plexin-mediated axon guidance in
(Nobes and Hall, 1995; Hall, 1998). A current model isvivo. A different region of PlexB binds to RhoA. Dosage-
that attractive guidance cues activate Rac or Cdc42 insensitive genetic interactions suggest that PlexB sup-
the growth cone, while repulsive guidance cues activatepresses Rac activity and enhances RhoA activity. Bio-
Rho (Dickson, 2001) (Figure 8A). In support of this model,chemical evidence indicates that PlexB sequesters
it has recently been shown that EphA receptors trans-RacGTP from its downstream effector PAK. These results
duce repulsive signals by increasing the activity of asuggest a model whereby PlexB mediates repulsion by
RhoGEF, Ephexin, on Rho (Shamah et al., 2001).coordinately regulating two small GTPases in opposite
Here, we present genetic and biochemical evidencedirections: PlexB binds to RacGTP and downregulates
to show that repulsive guidance in vivo as mediated byits output by blocking its access to PAK and, at the
Plexin receptors can directly inhibit Rac and at the samesame time, binds to and increases the output of RhoA.
time lead to an increased activation of Rho. We set
out to examine repulsive guidance as mediated by theIntroduction
Semaphorin ligands and Plexin receptors and to deter-
mine whether Plexin signaling involves Rho family
Neuronal growth cones are guided by a variety of attrac-
GTPases. To study this potential interaction in vivo, we
tive and repulsive cues (Tessier-Lavigne and Goodman,
turned to genetic analysis in Drosophila.
1996). While much is known about the families of ligands The Semaphorins are a large family of secreted and
and receptors that mediate axon guidance, less is transmembrane axon guidance molecules (Kolodkin et
known about how these signals are integrated and trans- al., 1993; Luo et al., 1993). Many Semaphorins function
duced into local changes in growth cone motility. The as chemorepellents or inhibitors, influencing steering,
extension versus retraction of different edges of the fasciculation, branching, and synapse formation (Kolod-
growth cone and the resulting turning responses appear kin et al., 1992; Luo et al., 1993; Matthes et al., 1995;
to be controlled by local changes in the dynamics of Messersmith et al., 1995; Puschel et al., 1995; Winberg
the actin cytoskeleton. et al., 1998a); in certain contexts, they can also function
How do guidance cues locally regulate the actin cy- as attractants (Wong et al., 1997; Bagnard et al., 1998;
toskeleton in one part of the growth cone versus an- Polleux et al., 2000). The repulsive receptors for most if
other? Small GTPases of the Rho family (primarily not all of the seven subfamilies of Semaphorins are the
Cdc42, Rac, and RhoA) are good candidates to integrate Plexins (Comeau et al., 1998; Takahashi et al., 1999;
guidance signals and mediate local regulation of the Tamagnone et al., 1999; Winberg et al., 1998b). In addi-
actin cytoskeleton (Hall, 1998). Rho family GTPases tion to Plexins, class 3 Semaphorins in vertebrates re-
function as molecular switches that cycle between the quire another receptor subunit, Neuropilin 1 or 2 (He
GTP-bound “on” state and GDP-bound “off” state. In and Tessier-Lavigne, 1997; Kolodkin et al., 1997; Chen
their on states, Rho GTPases bind to and activate their et al., 1997; Feiner et al., 1997).
effectors to transduce signals downstream and regulate How do Plexins mediate repulsive guidance? Although
actin dynamics. Guanine nucleotide exchange factors the model described above predicts that attraction
(GEFs) and GTPase-activating proteins (GAPs) are posi- might signal through Rac and repulsion through Rho,
tive and negative regulators of these processes. three papers reported that growth cone collapse in-
duced by Sema3A is Rac dependent (Jin and Strittmat-
ter, 1997; Kuhn et al., 1999; Vastrik et al., 1999). Sema3A1 Correspondence: goodman@uclink4.berkeley.edu
binds to a Neuropilin 1/Plexin 1A receptor complex. This2 Present address: Renovis, Inc., 270 Littlefield Avenue, South San
Francisco, California 94080. is a seemingly paradoxical result. A potential resolution
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Figure 1. Drosophila Plexin B Binds to Active Rac
(A) PlexB’s cytoplasmic domain contains two regions (1519 through 1655 and 1844 through 1918) that share similarity with R-Ras family GAPs.
The 147 amino acid Rac binding region PlexB3 (1617 through 1765) falls in between the two GAP-like domains. Some deletion constructs
used for binding assays and in vitro competition assays are shown.
(B) PlexB binds to Rac in a GTP-dependent manner. Rac1 was expressed as GST fusion protein in either wild-type form (RacWT) or its
constitutively active form (RacL61), loaded with either GDP or GTPS, and tested for binding with an in vitro translated, S35-labeled PlexB3.
The left input lane shows the amount of S35-PlexB3 used for binding.
(C) PlexB3d7, a deletion of seven amino acids (1722 through 1728) within PlexB3, eliminates Rac binding (lane 5). PlexB3d17, a deletion
of the neighboring 17 amino acids (1743 through 1769), does not affect the binding (lane 6). In vitro translated (INT) PlexB inputs are normalized
as shown in the left three lanes.
to this issue was provided in three recent papers which To identify the critical binding sequence in PlexB3,
we introduced small deletions and point mutations andreported that the cytoplasmic domains of PlexB recep-
tor bind directly to the Rac GTPase in a GTP-dependent have now identified a seven amino acid sequence NTLA-
HYG (1722 through 1728) toward the C terminus ofmanner (Driessens et al., 2001; Rohm et al., 2000; Vikis
et al., 2000). But what is the in vivo function of PlexB PlexB3 that, when deleted, abolishes Rac binding
(PlexB3d7, Figure 1C). Deletions in neighboring re-binding to Rac? Interestingly, one study showed that
clustering of PlexB does not lead to Rac-mediated la- gions 1743 through 1759 (PlexB3d17, Figures 1C and
2) and 1707 through 1714 (Figure 2) do not affect Racmellipodia actin structure as assayed in fibroblasts.
Rather, PlexB leads to actin:myosin filaments and cell binding.
The NTLAHYG sequence is highly conserved amongcontraction that are characteristic of Rho activation
(Driessens et al., 2001). However, the physical interaction Plexin family members (Figure 2). In particular, the tyro-
sine residue within the sequence is invariable. In humanbetween Plexin and Rac is not required for Rho activation.
Furthermore, LIM-kinase, which acts downstream of Plexin B1, a putative Cdc42/Rac interactive binding
(CRIB)-like motif right after this conserved sequenceboth Rac and Rho, has also been shown to be involved
in Sema3A signaling (Aizawa et al., 2001). Obviously, has been described (Vikis et al., 2000). Although we do
not find the CRIB-like motif in Drosophila PlexB, thismany questions remain about Plexin function.
In the present study, we examine the in vivo function may reflect a conservation of the binding mechanism at
a higher structural level. The  blast program (Nationalof Plexin interactions with Rac and Rho, using a combi-
nation of genetic and biochemical analysis in Drosophila. Center for Biotechnology Information) predicts two
blocks of sequences in the Plexin cytoplasmic domainOur data suggest PlexB interacts with both of the two
small GTPases to mediate motor axon guidance in vivo. that share similarity with R-ras family GAP proteins. The
sequence needed for RacGTP binding is located between
these two GAP-like regions (Figure 1A).Results
In the Drosophila genome, there are six Rho family
small GTPases: Rac1 (referred to as Rac in the text),Drosophila PlexB Binds to Active Rac
We previously showed that Drosophila Plexin B binds Rac2, Cdc42, RhoA, Mtl, and RhoL (Newsome et al.,
2000). To gain some insight into the specificity of theto the active form of Rac (RacGTP) (Driessens et al., 2001).
The binding was mapped to a 147 amino acid region, interaction, we examined the binding of PlexB3 with
all six Drosophila Rho-like GTPases. Only Rac and Rac2,PlexB3 (amino acids 1617 through 1765) (Figure 1A).
Plexin B Interacts with Rho GTPases
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Figure 2. Sequence Alignment of the Rac
and RhoA Binding Region (PlexB) of Plexin
Family Members
Shown in yellow are completely identical resi-
dues. Shown in blue are residues shared by
at least two family members. The seven
amino acid sequence—NTLAHYG—required
for Rac binding is highly conserved, as indi-
cated by the red box. The 40 amino acid se-
quence required for RhoA binding is indi-
cated by the pink box. Black boxes show
regions (1707 through 1714, 1743 through
1759) that are not essential for Rac binding
according to deletion analysis.
which share the highest degree of sequence similarity onic CNS neurons can be achieved with the UAS-GAL4
binary expression system (Brand and Perrimon, 1993).(93% identity) (Figure 3A), show strong interactions with
Flies containing the UAS-PlexB transgene reporter arethe B3 region of PlexB.
crossed to flies carrying a neuron-specific transcrip-
tional control driver, elav-GAL4 (Luo et al., 1994). WithPlexin B Also Binds to RhoA in a Different Manner
two independent UAS-PlexB transgenic lines, we ob-and via a Different Region
serve a consistent, GAL4-dependent phenotype in spe-Several lines of evidence suggest that RhoA is also in-
cific motor nerve branches. In particular, we observe avolved in PlexiB signaling. Clustering of the vertebrate
striking defect in the ability of the ISNb (intersegmentalPlexB in Swiss 3T3 cells leads to stress fiber formation,
nerve b) motor axons to innervate the ventral longitudi-indicative of Rho activation (Driessens et al., 2001). The
nal muscles 7, 6, 13, and 12. In wild-type embryos, theresponse could be blocked by inhibitors of Rho or of
ISNb projects into the ventral longitudinal muscles (Fig-its downstream effector Rho kinase. Our genetic data
ures 4A and 5A). Particular motor axons innervate spe-(shown below) also indicate that RhoA mediates part
cific muscles; for example, the RP3 motor axon inner-of Plexin B signaling in embryonic axon guidance. We
vates muscles 7 and 6, while other ISNb axons innervatewondered whether RhoA may also directly associate
muscles 13 and 12 (Vactor et al., 1993). When PlexB iswith PlexB.
overexpressed in these neurons, two types of pheno-We find that PlexB, a larger piece of the PlexB cyto-
types are observed (summarized in Figure 4B) that areplasmic domain (1617 through 1827) binds to RhoA (Fig-
consistent with PlexB being a repulsive guidance recep-ure 3E). In contrast to a preferential binding to GTPS-
tor for muscle-expressed Semaphorins (see Discus-bound Rac, PlexB binds to the GTPS and GDP-bound
sion). First, the RP3 axon frequently fails to defasciculateforms of RhoA equally well (Figure 3B, lanes 3 and 4).
from the ISNb motor nerve branch, and as a result mus-The binding requires the last 40 amino acids of PlexB
cles 7 and 6 are uninnervated (scored as “RP3 missing”;
(Figures 3C and 3E). The seven amino acid internal dele-
Figure 5B, long arrow). Second, ISNb axons often fail
tion that eliminates PlexB binding to Rac does not
to reach their distal-most target muscle 12 (scored as
affect its binding to RhoA (Figure 3D). Thus, we have “stall”; Figure 5B, arrow head). We varied the copy num-
defined two independent regions in PlexB cytoplasmic ber of UAS-PlexB transgene and elav-GAL4 driver to
domain that are important for PlexB association with generate embryos with a range of levels of expression
Rac and RhoA, respectively (summarized in Figures 2 of PlexB, and found the “RP3 missing” and “stall” phe-
and 3E). Cdc42, another Rho family GTPase, does not notypes are dose dependent (Table 1). This dosage sen-
bind to PlexB (Figure 3B). sitivity suggests that the PlexB gain-of-function pheno-
type may provide a sensitive background for revealing
Dosage-Sensitive Genetic Interactions Suggest genetic interactions with genes encoding downstream
Rac Antagonizes Plexin B Signaling components involved in Plexin B signaling.
To determine whether the interactions of PlexB with Rac Does the binding of PlexB to Rac increase or decrease
and RhoA are necessary for axon guidance in vivo, we the output of Rac? We reasoned that if increasing PlexB
set out to look for dosage-sensitive genetic interactions. expression produces its effect by activating Rac, then
Since there is no mutant available for PlexB, we started genetically limiting Rac gene dose might suppress the
by examining whether the gain of function phenotype PlexB overexpression phenotype. Alternatively, if PlexB
of PlexB is sensitive to the level of expression of Rac signals by turning down Rac activity, then an enhance-
or RhoA. ment of the plexB overexpression phenotypes might
PlexB is endogenously expressed by CNS neurons result when Rac is reduced. Indeed, our results support
the second alternative: PlexB inactivates Rac. We re-(data not shown). Overexpression of PlexB in all embry-
Neuron
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Figure 3. A Second Region in Plexin B Mediates Its Binding to a Second Small GTPase RhoA
(A) Within PlexB3 region, PlexB binds to Rac1 and Rac2 but not to other Rho family GTPases. All the six GST-GTPases were loaded with
GTPS prior to binding. Similar amounts of each GST-GTPase protein were used, as quantified by Coommassie staining of the gel, shown in
bottom panel.
(B) A bigger region of PlexB, PlexB also binds to RhoA. In contrast to Rac binding, the GTPS and GDP-bound forms of RhoA bind to PlexB
equally well. Cdc42 binding to PlexB is close to background level. Bottom panel: Coommassie staining of the gel.
(C) A 40 amino acid deletion in PlexB (PlexBd40) eliminates its binding to RhoA. PlexBd40 and PlexB are in vitro translated and tested
for binding with GST-RhoA. The amount of in vitro translation input is normalized and shown in the left two lanes.
(D) The seven amino acid deletion in PlexB (PlexBd7) only specifically interfere with PlexB binding to RacGTP but does not affect its binding
to RhoA. PlexB and PlexBd7 are in vitro translated. Rac1 and RhoA are prepared as GST fusion proteins. Rac1 is loaded with GTPS.
RhoA is not loaded with nucleotide.
(E) A schematic diagram summarizing the two regions in PlexB that are necessary for its binding to Rac and RhoA, respectively.
duced Rac protein level by 50% using a small deficiency Similar to reducing Rac, reducing Trio enhanced PlexB
gain-of-function phenotype (Table 2). However, the en-line, Df(3L)Ar14-8 (61C04-62A08), in a moderate PlexB
overexpression background (one copy transgene, one hancement caused by reducing Trio is not as great as
that caused by reducing Rac (Table 2). This probablycopy driver). This resulted in a distinct increase in the
penetrance of PlexB gain of function phenotypes (Table reflects that Trio is not directly coupled to PlexB and is
not the only positive regulator (GEF) for Rac in motor2; Figure 5D). In contrast, an overlapping deficiency line,
Df(3L)ru22(61F08-62(A3-5)), that does not delete Rac axons. Rather, Trio is likely to be one of many positive
regulators of Rac in these axons.had no effect (p  0.48, Fisher’s exact test).
A complementary effect is resulted when Rac dosage
is increased in the same neurons where PlexB is overex-
pressed with a UAS-Rac transgene. Under such condi- RhoA Mediates Part of Plexin B Signaling
We also examined the role of RhoA in PlexB signalingtions, a suppression on the PlexB gain of function phe-
notypes is observed (Table 2; Figure 5E). by reducing RhoA gene dosage with two different RhoA
mutant alleles, Rhorev220 and RhoAl(2)k07236 (Magie et al.,Consistent with the idea that PlexB signals by down-
regulating Rac activity, the Plexin gain-of-function stall 1999). Instead of enhancing the PlexB gain-of-function
phenotypes as the Rac deficiency does, partially remov-phenotype is reminiscent of the loss-of-function pheno-
type of a positive regulator of Rac, the Trio GEF (Bate- ing RhoA suppresses the PlexB gain-of-function pheno-
types (Figure 5F; Table 2). This result suggests that RhoAman et al., 2000). A series of papers has shown the
role of the Rac- and RhoGEF Trio in axon guidance in acts antagonistically to Rac and, moreover, that RhoA
partially mediates Plexin B signaling.Drosophila and nematode and has provided additional
evidence that, in this capacity, Trio interacts with Rac The same dominant interaction test with another Rho
family GTPase Cdc42 (Fehon et al., 1997) does not alterand regulates PAK activity (Awasaki et al., 2000; Liebl
et al., 2000; Newsome et al., 2000; Steven et al., 1998). the penetrance of PlexB gain of function phenotypes
Plexin B Interacts with Rho GTPases
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Figure 4. Schematic Diagram of ISNb and SNa
Guidance Defects in PlexB Gain-of-Function
and Rac Dominant-Negative Embryos
One hemisegment of a stage 17 embryo is
shown for each phenotype. Anterior is left,
and dorsal is up. (A) Wild-type pattern of ISNb
and SNa innervations. The ISNb nerve (blue)
initially exits the central nervous system
(CNS) as part of the ISN nerve (red). At the
exit junction, ISNb defasciculates from ISN to
enter the ventral muscle targets. Innervations
on specific ventral muscles are formed by
defasciculations of several motor axons from
the ISNb: the RP3 motor neuron innervates
between muscles 6 and 7, while other motor
axons innervate muscles 13 and 12. The SNa
nerve (green) innervates several lateral mus-
cles. Its dorsal branch normally stops at a
characteristic position prior to non-target
muscle 19. (B) PlexB gain-of-function mu-
tants show defects in ISNb innervations: RP3
motor neuron fails to defasciculate from ISNb, and there is no innervation on muscles 6 and 7 (“RP3 missing”); the rest of the ISNb neurons
stall before reaching the distal-most muscle 12 (“stall”). (C) In embryos that overexpress dominant-negative Rac (N17Rac) or embryos that
coexpress both N17Rac and PlexB, ISNb neurons show defects in earlier choice point. The whole ISNb nerve branch sometimes fails to
defasciculate from the ISN, resulting in a “full bypass” phenotype. (D) The SNa nerve branch of embryos that overexpress N17Rac or coexpress
both N17Rac and PlexB often fails to form terminal contact with its normal target muscles and makes ectopic contacts onto non-target
muscles and the FB branch of ISN nerve.
(Table 2), indicating a consistent pattern in the specific- in Rac dominant-negative embryos. No mutant for Dro-
sophila Rac has yet been published, but a loss-of-func-ity of the genetic and biochemical interactions.
tion analysis for Rac, achieved by overexpressing a
dominant-negative form of Drac (N17Rac) in neurons,Increasing Plexin B Enhances Rac1 Dominant-
Negative Phenotypes revealed dramatic defects in motor axon guidance
(Kaufmann et al., 1998). The same ISNb nerve branchTo further test the model that PlexB downregulates Rac
output, we next examined the effect of increasing Plexin that is affected by PlexB overexpression is also sensitive
Figure 5. Changing Rac and RhoA Gene
Dose Modulates Abnormal ISNb Motor Pro-
jections in PlexB Gain-of-Function Mutants
(A–F) Photomicrographs of stage 17 embryos
stained with mAb1D4, an antibody to Fas-
ciclin II, to show motor projections. Anterior
is left, and dorsal is up. Genotypes: (A) wild-
type; (B) UAS-PlexB, elav-GAL4/; (C) UAS-
PlexB, elav-GAL4/UAS-PlexB, elav-GAL4;
(D) Df(3L)Ar14-8/; UAS-PlexB, elav-GAL4/;
(E) UAS-Rac/; UAS-PlexB, elav-GAL4/;
(F) Rhorev220/; UAS-PlexB, elav-GAL4/.
(A) Wild-type shows normal ISNb projections.
Long arrow, RP3 innervation in the cleft be-
tween muscles 6 and 7; large arrowhead, the
innervation of target muscle 12.
(B) Moderate PlexB overexpression (one
copy of the transgene, one copy of the driver)
defects: “RP3 missing” (long arrow) and
“stall” (arrowhead).
(C) Higher level of PlexB overexpression (two
copies of the transgene, two copies of the
driver) causes increased defects.
(D) Reducing Rac gene dose enhances the
“RP3 missing” and “stall” defects in moder-
ate PlexB gain-of-function mutants.
(G and H) Increasing Rac (G) or reducing
RhoA (H) in neurons restores normal ISNb
innervations in moderate PlexB gain-of-func-
tion background. Synaptic innervations be-
tween muscles 6/7 and between muscles 12/
13 appear normal.
Neuron
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Table 1. Dose-Dependent ISNb Guidance Defects in Plexin B Gain-of-Function Embryos
Transgene Driver ISNb Abnormal Projections
UAS-PlexB Elav-GAL4 Endogenous PlexB n RP3 Missing Stall Genotype
  / 98 2.0% 0% UAS-PlexB/
  / 100 1.0% 0% Elav-GAL4/
  / 88 13.6% 4.3% UAS-PlexB, Elav-GAL4/; DfPlexB/
  / 298 21.5% 6.7% UAS-PlexB, Elav-GAL4/
  / 120 20.0% 7.5% UAS-PlexB, Elav-GAL4/
  / 250 37.6% 11.6% UAS-PlexB, Elav-GAL4/UAS-PlexB, Elav-GAL4
 (mutant)  / 110 5.6% 2.7% UAS-PlexBd7, Elav-GAL4/
Note: n  number of embryonic hemisegments (abdominal A2–A7) scored; copy numbers of transgene, driver, or endogenous PlexB are
indicated by “”; “” indicates the absence of transgene or driver; UAS-PlexB and UAS-PlexB are two independent transgenic lines of
Plex B.
to overexpression of dominant-negative Rac (N17Rac). N17Rac embryos also show bypass defects in the
SNa motor axons which project to lateral muscle targetsThe predominant ISNb defect in N17Rac embryos oc-
curs at an earlier target entry point, where the whole (Figures 4D and 6E). This SNa bypass phenotype has
never been observed in any other mutant background,ISNb branch normally branches off from ISN nerve. In
N17Rac embryos, the ISNb fails to enter the ventral and it also turns out to be enhanced by simultaneously
overexpressing PlexB in these neurons (Figures 6E andmuscles and instead follows the ISN distally toward dor-
sal muscles (scored as “bypass”; Figure 4C). The differ- 6F; Table 4).
In a reciprocal experiment, we tested whether reduc-ence in the quality of the ISNb phenotype of N17Rac
and Plexin B gain of function embryos may likely reflect ing PlexB in Rac dominant-negative embryos has an
opposite effect. This was done by injecting double-the fact that Rac is downstream of multiple guidance
receptors. strand RNA of PlexB into N17Rac embryos. N17Rac
embryos injected with Plexin B dsRNA show distinctThe penetrance of the N17Rac bypass phenotype is
very sensitive to gene dosage. When the N17Rac trans- reduction in bypass defects compared with N17Rac em-
bryos injected with buffer (Table 3). Thus, reducinggene is expressed using drivers of different strengths,
different frequencies of defects are yielded (Kaufmann PlexB and increasing PlexB in Rac dominant embryos
produced opposite modulations, consistent with theet al., 1998). This suggests that N17Rac only partially
knocks out the wild-type gene function and that ex- model that PlexB downregulates Rac activity.
pressing N17Rac with a driver of medium strength may
provide a sensitized background for testing genes that Rac Binding Is Required for the Genetic
Interaction between Plexin and Racregulate the remaining Rac activity. We reasoned that
if the Plexin and Rac interaction regulates Rac activity, To test whether the PlexB gain-of-function and the ge-
netic interactions depend on the direct association be-then we might be able to alter the penetrance of the
N17Rac bypass phenotype by simultaneously increas- tween PlexB and Rac, we constructed a mutant PlexB
transgene, UAS-Plex Bd7, which contains the sevening PlexB gene dose in the same neurons. Indeed, coex-
pressing PlexB and RacN17 resulted in a distinct en- amino acid NTLAHYG deletion in the Rac binding region
of an otherwise wild-type PlexB. The same enhance-hancement of the ISNb bypass phenotypes (Figures 6B
and 6C; Table 3). ment test on N17Rac embryos was performed with this
Table 2. Genetic Interactions between Plexin B and Rho Family GTPases
Transgene Driver ISNb Abnormal Projections
UAS-PlexB Elav-GAL4 Additional Genotypes n RP3 Missing Stall Genotype
  – 298 21.5% 6.7% UAS-PlexB, Elav-GAL4/
  Cdc42 LOF (/) 147 21.1% 6.1% Cdc423/; UAS-PlexB, Elav-GAL4/
  Rac LOF (/) 162 41.3%** 14.2%** Df(3L)Ar14-8/; UAS-PlexB, Elav-GAL4/
  UAS-Rac  203 6.9%** 1.5%** UAS-Rac/; UAS-PlexB, Elav-GAL4/
  Trio LOF (/) 137 30.7%* 13.1%* UAS-PlexB, Elav-GAL4/Trio1372/3
  UAS-PAK  115 10.4%* 2.6%* UAS-PAK/; UAS-PlexB, ELAV-GAL4/
  RhoA LOF (/) 184 13.0%* 2.2%* RhoArev220/; UAS-PlexB, Elav-GAL4/
  RhoA LOF (/) 153 13.7% 3.3% RhoA1(2)k07236/; UAS-PlexB, Elav-GAL4/
  Rac LOF (/) 98 2.0% 1.0% Df(3L)Ar14-8/
  Trio LOF (/) 87 1.1% 0% Trio/
  RhoA LOF (/) 85 1.2% 0% RhoArev220/
Note: asterisks indicate p values from a Fishers Exact Test (**p  0.005, *p  0.05) compared to UAS-PlexB, Elav-Gal4/ embryos; alleles:
Cdc423 is an EMS mutant of Cdc42 (Fehon et al., 1997); Df(3L)Ar14-8 removes Rac1 gene; Trio1372/3 is a P element insertion in Trio gene
(Bateman et al., 2000); RhoA1(2)k07236 is a P element insertion in RhoA, and RhoArev220 is an imprecise excision of the P element (Magie et al., 1999).
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Figure 6. Enhancement of Rac Dominant-Negative Phenotypes by Overexpressing PlexB
(A–F) Photomicrographs of stage 17 embryos stained with mAb1D4 (anti-Fasciclin II) to show ISNb projections (A–C) and SNa projections
(D–F). Genotypes: (A and D) wild-type; (B and E) UAS-Rac N17/elav-GAL4; (C and F) UAS-Rac N17/UAS-PlexB, elav-GAL4.
(A) Two segments of a wild-type embryo showing the normal ISNb projections.
(B) Left segment shows the “partial bypass” phenotype in a RacN17 embryo: some ISNb axons enter the ventral muscle field, while the others
join the ISN, resulting in a thickened ISN bundle. ISNb innervation in the right segment is relatively normal. The focal plane is on more exterior
muscles compared with the one in (A).
(C) Two “full bypass” ISNb axons in an embryo overexpressing both RacN17 and Plexin B.
(D) Note the relative position of muscle 19 and the terminal of the dorsal branch of SNa axons in a wild-type embryo.
(E) In the right segment of a Rac N17 embryo, the dorsal branch of SNa extends into muscle 19 (arrow). Scored as “long.”
(F) One “extremely long” SNa that reaches the FB branch of ISN in the left segment. The SNa at the right segment is also abnormally long.
mutant transgene, and no enhancement was observed quency of ISNb phenotypes was significantly lower (Ta-
ble 1). This low-penetrance phenotype was not en-(p  0.5, Tables 3 and 4). The PlexB gain-of-function
phenotypes also seem to be dependent on this Rac hanced by removing one copy of Rac (see Supplemental
Data at http://www.neuron.org/cgi/content/full/32/1/39/binding region. In contrast to wild-type PlexB, when
the d7 mutant transgene was overexpressed under the DC1).
We were unable to examine the in vivo expressioncontrol of the same neuronal GAL4 driver elav, the fre-
Table 3. Plexin B Enhances Rac Dominant-Negative (Rac-N17) ISNb Phenotypes
Transgene Driver ISNB Phenotype
UAS-RacN17 (Rac DN) Elav-GAL4 Additional Genotypes n Full Bypass Full Bypass  Partial Bypass Genotype
   220 0% 0% W118
   119 5.9% 17.7% UAS-RacN17/; Elav-GAL4/
  UAS-PlexB 227 14.5%* 30.4%** UAS-RacN17/; UAS-PlexB,
Elav-GAL4/
  UAS-PlexBd7 146 6.2% 17.1% UAS-RacN17/;UAS-PlexBd7,
Elav-GAL4/
  UAS-PlexB 102 0% 3.9% UAS-PlexB, Elav-GAL4/
  buffer injection 116 N/A 40.3% UAS-RacN17/; Elav-GAL4/
(injected with buffer)
  PlexB RNAi 139 N/A 25.0%* UAS-RacN17/; Elav-GAL4/
(injected with PlexB dsRNA)
Note: Asterisks indicate p values from a Fishers Exact Test (**p  0.01, *p  0.05) compared to UAS-RacN17/; Elav-GAL4/ embryos. When
some ISNb axons bypassed the choice point and others entered correctly, the segment was scored as a “partial bypass”; when all ISNb
axons bypassed, with no evidence of appropriate target domain entry, then the segment was scored as “full bypass” (as scored in Kaufmann
et al., 1998, see Figures 6B and 6C for examples).
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Table 4. Plexin B Enhances Rac Dominant-Negative (Rac-N17) SNa Phenotypes
Transgene Driver SNa Phenotypes
UAS-RacN17 (Rac DN) Elav-GAL4 Additional Genotypes n Extremely Long Long Genotype
  – 156 0% 0% W118
  – 93 7.5% 20.4% UAS-RacN17/; Elav-GAL4/
  UAS-PlexB 106 15.0% 46.4%** UAS-RacN17/; UAS-PlexB,
Elav-GAL4/
  UAS-PlexBd7 112 5.4% 22.3% UAS-RacN17/; UAS-PlexBd7,
Elav-GAL4/
  UAS-PlexB 98 0% 0% UAS-PlexB, Elav-GAL4/
Note: “Long” is scored when the dorsal SNa branch extends beyond its normal muscle target. “Extremely long” is scored when the SNa
dorsal branch touches the FB branch of ISN neuron (see Figures 6E and 6F for examples).
and targeting of PlexBd7 transgene due to the lack of tion and also because PlexB and PAK bind to Rac in
the same GTP-dependent manner, we asked whetherPlexB antibody. Nevertheless, the seven amino acid de-
letion does not affect protein expression and stability PlexB and PAK may bind to the same region of Rac and
whether their binding to RacGTP is mutually exclusive.of PlexB3 in in vitro experiments (Figure 1C). Three
independent lines of PlexBd7 transgenes showed con- We used an in vitro pull-down competition assay in
which in vitro translated L61Rac was incubated withsistent behavior when tested for their phenotypes and
interactions with Rac (see Supplemental Data), arguing bead-bound GST-PAK1–141 in the presence or absence
of soluble PlexB protein fragment: PlexB2(1619-1753).that the negative result is not caused by the insertion
site. (PlexB2 is a 135 amino acid fragment of PlexB [Figure
1A]. It binds to RacGTP equally well as PlexB3 [data not
shown], but it can be expressed at a higher level.) WhenPlexB Sequesters Active Rac
from Its Downstream Effector PAK Plexin B2 is present in the binding solution, the amount
of RacL61 pulled down by PAK1–141 is greatly reducedIn light of the genetic interactions between PlexB and
Rac, we investigated the biochemical nature of this neg- (Figure 7A). The extent of reduction is dependent on the
amount of PlexB2 used. At the 48:1 molar ratio ofative regulation. We found that PlexB competes with the
Rac downstream effector PAK (p21-activated kinase) for PlexB2 to PAK1–141, the reduction is close to complete
(Figure7A, lane 4). PlexB2d7, a deletion PlexB fragmentbinding to RacGTP.
PAK is a serine/threonine kinase that mediates a major that is incapable of binding to Rac, does not compete
with PAK for the Rac binding (Figure7A, lane 5). Con-part of Rac signaling output to actin polymerization
(Manser et al., 1994). Upon binding to RacGTP, PAK under- versely, the presence of PAK protein fragment PAK78–151
also reduces RacL61 binding to PlexB3 (Figure 7B).goes a conformational change that releases an autoin-
hibition on the kinase domain and becomes active (Lei This shows that the binding of the two proteins to RacGTP
is indeed mutually exclusive.et al., 2000). Since Rac binding is critical for PAK activa-
Figure 7. Binding of PlexB and PAK to Active Rac Are Mutually Exclusive
(A) S35-RacL61 pull-down by 250 nM immobilized GST-PAK1–141 is gradually reduced with increasing amounts of soluble PlexB2 in the binding
solution (lanes 1–4). The presence of PlexB2d7, a deletion PlexB construct that is not capable of binding to Rac, does not compete for the
Rac binding (lane 5). The same gel was stained with Coommassie blue to show the amount of GST-PAK1–141 used (lower panel). To save the
GTPS-loading step, the active mutant RacL61 without intrinsic GTPase activity is used for the assay. (The rabbit reticulocyte lysate system
used for in vitro transcription/translation contains GTP.)
(B) Conversely, RacL61 pull-down by 300 nM of immobilized GST-PlexB3 is also greatly reduced in presence of soluble PAK78–151. PAK1–141
and PAK78–151 are two fragments of the PAK protein. Both contain the Rac binding CRIB motif.
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Does this competition exist in vivo? If it does, then
we may expect that overexpressing PAK together with
PlexB in embryos will cancel out PlexB gain-of-function
effect. Indeed, overexpressing PAK in a PlexB gain-of-
function background suppresses the phenotypes of the
later (Table 2), demonstrating that PlexB signaling can
be antagonized by the Rac effector PAK in vivo.
Discussion
In this paper, we present genetic and biochemical evi-
dence that PlexB mediates repulsion in vivo in part by
binding to active Rac (RacGTP) and downregulating its
effector output and in part by binding to and activating
RhoA. Biochemical analysis shows that PlexB binds to
RacGTP. A seven amino acid sequence in the cytoplasmic
domain of PlexB is required for this binding. Genetic
analysis shows that PlexB downregulates the output of
RacGTP. Removal of one copy of Rac enhances a PlexB
gain-of-function phenotype, while overexpression of
PlexB enhances a Rac dominant-negative phenotype in
motor axon guidance. Overexpression of a mutant form
of PlexB that lacks the seven amino acid sequence re-
quired for Rac binding does not generate its own gain-
of-function phenotype, and it does not enhance a Rac
dominant-negative phenotype.
We also show that PlexB binds to RhoA through a
different region of its cytoplasmic domain. Although we
do not yet know the biochemical mechanism, our ge-
netic analysis suggests that PlexB increases the output
of RhoA.
Our biochemical analysis reveals a possible mecha-
nism for how PlexB can directly downregulate RacGTP
Figure 8. Model for Plexin, Rac, Rho, and PAK Interactions inactivity. We show that PlexB binding to RacGTP competes
Growth Cone Guidancewith PAK binding to RacGTP in a dosage-dependent fash-
(A) Rac and Rho have been proposed to play antagonistic roles inion. When present at a high concentration, PlexB can
growth cone guidance, through their effector kinase PAK and ROCK,completely inhibit PAK binding to RacGTP. The stoichiom-
respectively. Attraction versus repulsion can result from regulationsetry of this competition might be artificial, since all of
on the balance of Rac and Rho signaling. The regulators of the small
these biochemical competition studies are done with GTPase cycle: GEF and GAP proteins can be potential targets of
PlexB at high concentration in the absence of ligand. upstream signals.
PlexB might potentially be much more potent in interfer- (B) Our data presented here support a model in which PlexB medi-
ates repulsion by regulating both Rac and Rho signaling. By compet-ing with PAK binding to RacGTP when PlexB is bound to
ing with PAK for RacGTP binding, PlexB inhibits Rac through a directits Semaphorin ligand. Indeed, a recent study has shown
sequestering mechanism. Meanwhile, PlexB also binds to RhoA andthat ligand binding leads to a dramatic increase in Plexin
increases its output by a mechanism yet to be understood.affinity for active Rac (Vikis et al., 2000).
Taken together, these data lead to the following model
(Figure 8). At sites where growth cones are exposed to
Semaphorins, PlexB receptors are driven to cluster by
Two groups (Jin and Strittmatter, 1997; Kuhn et al.,the ligands. The increased local concentration of PlexB,
1999) reported earlier that N17Rac treatment abolishestogether with the dramatic increase in its affinity for
Sema3A-induced growth cone collapse, demonstratingRacGTP, favors the binding of RacGTP with PlexB over PAK,
PlexA-mediated collapse is dependent on RacGTP. Weresulting in local sequestering of RacGTP and inactivation
found PlexB binds to RacGTP and suggest that PlexBof PAK, leading to inhibition on lamellipodia protrusion
inhibits RacGTP. In our model, a basal level of active Racat the Semaphorin contacting site. Previous studies on
and a defined temporal and spatial regulation of RacPAK suggest that it can be recruited by the adaptor
are required for mediating repulsion.protein Dock (Dreadlocks), to specific sites at the growth
The results presented here allow us to confirm andcone membrane, where it can be subsequently activated
extend a current model concerning the role of GTPasesby the GTP-bound forms of Rac or Cdc42 (Hing et al.,
in axon guidance. This model suggests that attractive1999; Newsome et al., 2000). In our model, this local
guidance cues locally activate Rac or Cdc42 in theactivation of PAK can be potentially inhibited by PlexB
growth cone while repulsive guidance cues locally acti-signaling. At the same time, PlexB binds to RhoA and,
vate RhoA (Dickson, 2001; Luo, 2000). We would argueby an unknown biochemical pathway, appears to in-
that what is important is the relative balance in the out-crease the effector output of RhoA (Driessens et al.,
2001, and genetic data presented here). put of Rac versus RhoA. Here, we provide an example
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in which the PlexiB receptor mediates repulsive axon phenotype as overexpressing Plexin B on motor axons
in that RP3 neuron fails to innervate muscles 6 and 7guidance by downregulating RacGTP output and simulta-
neously upregulating RhoA output. A coordinate regula- (Matthes et al., 1995; Winberg et al., 1998a, 1998b; Yu
et al., 1998). Similarly, loss-of-function of Netrin B, thetion of these two small GTPases may allow the receptor
to have a finer control over actin regulatory machinery. normal endogenous attractive signal for RP3 neuron,
from muscles 6 and 7, leads to the same phenotypes.Semaphorin signaling can be converted from repulsion
to attraction by changes in cGMP level (Polleux et al., PlexA is the receptor for Sema1a (Winberg et al.,
1998b). We do not yet know whether PlexB is the recep-2000; Song et al., 1998). It would be interesting to test
whether and how the cGMP signaling can affect this tor for Sema2a or multiple Semaphorins in the neuro-
muscular system, but its expression pattern and gain-Rac/Rho balance.
Recently, Billuart et al. (2001) demonstrated a RhoA- of-function phenotype are consistent with it being a
neuronal receptor for a repulsive signal from musclesmediated pathway in the regulation of axon stabilization
in mushroom body neurons, suggesting that the model 6/7. Clearly, both PlexA and B, and Semaphorin 1a and
2a play important roles as local repulsive systems inof Rac and RhoA balancing roles in actin regulation may
extend beyond the initial phases of axon growth and regulating motor axon guidance and target exploration.
Sema1a and PlexA are both expressed on motor axonsguidance.
where they regulate defasciculation. Sema2a is ex-
pressed on muscles where it regulates exploration ofPlexin A and Plexin B Are Likely to Signal
muscle targets by motor axons. PlexB is expressed onin the Same Manner
motor axons and appears to regulate target explorationDrosophila has two Plexins: A and B (Winberg et al.,
(although we cannot eliminate a role for PlexB in defasci-1998b). Both Plexin A and B are highly expressed in the
culation). Taken together, these results suggest thatcentral nervous system. The two proteins share high
whereas PlexA appears to function as the neuronal re-sequence similarity in their cytoplasmic domain, indicat-
ceptor for Semaphorin 1a, PlexB may be the receptoring a similar mode of signaling shared by the two. We
for Semaphorin 2a or some other muscle-derived sema-and others (see Introduction) observe a direct physical
phorin. This model requires further biochemical studies.association of RacGTP with PlexB but not with PlexA.
However, we do find genetic interactions between Rac
and both Plexins. For example, increasing PlexA also A Role for Rac in Plexin Signaling
Three classes of proteins have now been shown to haveenhances the Rac dominant-negative phenotype as
does PlexB (data not shown). In COS cell and DRG a high preference to bind to RacGTP: Rac effector proteins
(such as PAK), RacGAP proteins (which facilitate Racneurons, Rac shows coclustering with PlexA upon
Sema3A ligand treatment (Fournier et al., 2000; Taka- converting to the “off” GDP-bound form), and PlexB
family members. The fact that PlexB overexpression inhashi et al., 1999). It is likely that ligand binding to PlexA
causes Rac binding (and subsequent inactivation of Drosophila enhances the Rac dominant-negative phe-
notype argues against PlexB being a downstream ef-Rac) just as with PlexB, but it may be that PlexA requires
an unknown third protein to help mediate or facilitate fector of Rac.
Can PlexB serve as a Rac GAP, downregulating Racthis physical interaction. From a genetic perspective,
they both appear to function in the same way, mediating activity by accelerating its GTP hydrolysis rate? This
question is more controversial. Plexin contains tworepulsion at least in part by inactivating Rac.
The accompanying paper shows that the transmem- R-ras-GAP-like domains in its cytoplasmic domain. Nei-
ther of the two GAP domains showed activity on Racbrane protein OTK associates with Plexin A and contrib-
utes to the Sema 1a/Plexin A signaling pathway (Winberg when prepared as GST fusion proteins and tested for
their abilities to increase the turnover rate of RacGTP toet al., 2001 [this issue of Neuron]). Mammalian Plexin B1
also coimmunoprecipitates with OTK. In the future, it will RacGDP (unpublished data). This is not too surprising,
as Ras-GAPs and Rho-GAPs are quite divergent at thebe interesting to test whether PlexB also interacts with
OTK in vivo and to what degree the Rac/Rho GTPases primary sequence level, although they share structural
conservations.and OTK signaling pathways function together or in par-
allel downstream of Plexins. Can PlexA (or B) function as a R-RasGAP then? We
do not know. Though most data focus on the role of
Rho family GTPases in growth cone guidance, R-RasThe Role of Semaphorins and Plexins in Motor
has been shown to function downstream of Ephrin re-Axon Guidance
ceptor B2 to control cell adhesion by regulating integrinsOverexpression of PlexB on neurons disrupts ISNb mo-
(Zou et al., 1999). It would be interesting in the futuretor axon guidance. The RP3 motor neuron fails to inner-
to test whether Plexin can function as a R-Ras GAP invate muscles 7 and 6. The ISNb branch often stalls
vivo and whether this role is involved in destabilizing theand fails to innervate some of its other ventral muscle
filopodia/lamellipodia structures by decreasing integrin-targets. These same phenotypes have been observed
mediated adhesion forces.with several other genotypes, most notably with Sema-
phorins and the other Plexin mutants (Winberg et al.,
1998b; Yu et al., 1998). A Role for RhoA in Plexin Signaling
Driessens et al. (2001) showed that clustering of a CD2-The transmembrane Semaphorin 1a is normally ex-
pressed by motor axons, while the secreted Semaphorin PlexB chimera receptor in fibroblast cells leads to Rho
activation, resulting in a dramatic induction of actin-2a is expressed by muscles. Overexpressing either Sem-
aphorin on target muscles 6 and 7 leads to a similar myosin filaments visualized as stress fibers. Here we
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vector and transformed into W118 flies with standard procedures.show that Plexin B binds to RhoA in vitro. This binding
UAS-PlexB and UAS-PlexBd7 were then recombined with elav-is mediated by a different region from the one required
GAL4 3E line on the third chromosome and homozygozed for furtherfor Rac binding, providing a possible explanation for the
genetic analysis. Elav-GAL4 3E line was generated by Dr. Aaron
cell culture result that RhoA activation is independent DiAntonio by mobilizing the C155 elav-GAL4 enhancer trap insert.
of Rac binding. Rac fly stocks were provided by Dr. Liqun Luo and Dr. David Van
Vactor (Harvard Medical School, MA). Trio1372/3 flies were obtainedThe exact mechanism of how PlexB activates RhoA
from Dr. David Van Vactor. Rhorev220 and Rhol(2)k07236 flies were fromremains to be elucidated. This could occur either
Dr. Susan Parkhurst (Fred Hutchinson Cancer Research Center,through the inhibition on a RhoA GAP or activation of
WA). Df(3L)Ar14-8 and Df(3L) ru-22 flies were ordered froma RhoA GEF that is recruited into the same signaling
Bloomington Drosophila Stock Center.
complex. Alternatively, the RhoA activation could be For RNAi experiment, subclone of 1 kb piece of the ectodomain
mediated directly by the receptor binding. It has been of Plexin B was used to make sense and antisense RNA, which
were annealed in injection buffer (0.1 mM Na Phosphate, 5 mMshown previously that neurotrophin receptor p75NTR
NaCl, [pH 7.8]) to make double-stranded RNA for injection. dsRNAbinds to RhoA and directly upregulates its activity (Ya-
or buffer was injected into UAS-N17Rac/elav-GAL4 embryos, whichmashita et al., 1999). It remains to be tested whether
were obtained by crossing homozygous UAS-N17Rac flies to homo-the Plexin/RhoA interaction shares a similar mechanism.
zygous elav-GAL4 flies before injection. (UAS-N17Rac/elav-GAL4
flies are not kept as stocks due to high level of lethality.) Injected
Experimental Procedures embryos generally show a higher level of defects compared with
noninjected embryos of the same genotype, due to the handling
Molecular Biology process.
Drosophila Rac1 in pBluescript vector was provided by Dr. Liqun Embryos were staged according to Campos-Ortega and
Luo (Stanford University, CA). The pGEX expression constructs of Hartenstein (1985). Stage 16/17 embryos showing CNS retraction
Rac2, Cdc42, RhoA, Mtl, and RhoL were gifts from Dr. Barry Dickson to abdominal segment were chosen for scoring all embryonic pheno-
(Research Institute of Molecular Pathology, Vienna, Austria). PAK types. Motor axon pathways were visualized using mAb 1D4 anti-
cDNA was provided by Dr. Larry Zipursky (UCLA, CA) body as previously described (Vactor et al., 1993). Stocks were
The Pharmacia pGEX system was used for GST fusions of the Rac, made either as homozygous or over CyOWggal and TM6UBXgal
RhoA, PAK, and Plexin cytoplasmic domain constructs. Novagen’s balancer chromosomes for experiments in which counterstaining to
pCite vector was used to make plasmids for in vitro transcription and confirm genotype was desirable.
translation. Regions of interest were amplified by PCR or subcloned
using native restriction sites. Drac1 Q61L mutation and Plexin B Acknowledgments
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